Recent discovery of P. honshuensis in Japanese Manila clams (Dungan and Reece, 2006; Takahashi et al., 2009) , as well as in the variegated clam in Jeju Island in Korea (Kang et al., 2016) suggests possible coinfection of P. olseni and P. honshuensis in Manila clam populations in Korean waters. Accordingly, we first examined the presence of P. olseni and/or P. honshuensis in different populations of Manila clams distributed on the west, south and east coasts of Korea using P. olseni and P. honshuensis specific PCR assays.
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Materials and Methods

Sampling of Manila clams
For the analysis, clams of shell length (i.e., longest axis of the shell) 28.2-42.2 mm were randomly collected from 25 sites (n = 250) located on the west, south, and the east coasts (Fig. 1) . From each clam, gill leaflet on one side of the gills was excised for Ray's fluid thioglycollate medium assay (RFTM) assay, and the remaining body tissues were freeze-dried, homogenized and stored at -70°C until used for PCR assays.
RFTM assay
The excised gill tissue was inoculated into 5 mL of FTM supplemented with antibiotics including nystatin (200 unit/mL, Sigma) and chloramphenicol (200 μg/mL, Sigma). The RFTM tubes were kept at room temperature (25°C) for 1 week in the dark. After completion of incubation, the gill tissues were digested in 2 M NaOH (Choi et al., 1989) and the Perkinsus sp. hypnospores were counted using a hemocytometer. Perkinsus infection intensity was finally expressed as the number of Perkinsus cells per gram gill tissue.
Perkinsus species-specific PCR assays
The total DNAs were extracted from approximately 15 mg of the freeze-dried clam tissue using ATL lysis buffers and proteinase K (DNeasy Blood and Tissue Kit, Qiagen). A total of 250 clams (ten clams from each sampling site) were analyzed in the PCRs targeting the ITS region of the ribosomal RNA gene complex. P. olseni and P. honshuensis-specific primers were designed by identifying variable regions following alignment of various Perkinsus spp. ITS sequences using Clustal W (Thompson et al., 1994) . The following sequences from GenBank were included in the alignm e n t : P. chesapeaki: E U 9 1 9 4 9 2 , E U 9 1 9 4 9 6 , EU919501, P. honshuensis: DQ516696, DQ516698, DQ516699, DQ516700, P. marinus: EU919508, EU919510, P. olseni: AY820757, GQ896507, GQ896506. The primers used in this study are as follows: P. olseni (Forward 5′-CGAAACTAGCGGTCTTGCTTCGGC-3′/ Reverse 5′-AGGCGCGGTCCTCCTCKCG-3′), P. honshuensis (Forward 5′-CCACCTGCCTGGCAGGTGATT-3′/Reverse 5′-CGAATTGGCTCAATAAATTGAGYC-3′). Expected size of the amplification products for P. olseni and P. honshuensis was 490 bp and 340 bp, respectively. Ethanol preserved trophozoites of P. honshuensis PRA-177 (Dungan and Reece, 2006) were used as the positive control, which were kindly provided by Dr. Tomoyoshi Yoshinaga of the University of Tokyo. P. olseni positive control was also prepared by isolating DNA from in vitro cultured cells isolated from clams collected from Gomso Bay on the west coast. The ITS sequences of P. olseni isolates used as the control are currently deposited at the NCBI GenBank (Accession No. KX514084 and KX514085). ITS sequences of the control P. olseni from Gomso Bay showed 100% sequence similarity to the ITS sequences of P. olseni reported from Portugal (Robledo et al., 2002) , Spain (Casas et al., 2002) , China (Wu et al., 2011) , and Japan (Dungan and Reece, 2006) .
The PCR reaction mixture was prepared in a final volume of 25 μL containing 100 ng of DNA, Ex Taq buffer containing 20 mM MgCl 2 , 25 pmol of each primer, 2.5 mM dNTPs and 1.25 units of Ex Taq polymerase (Takara Bio Inc.). For each set of reaction, a positive control (i.e., P. honshuensis or P. olseni) was set-up with 25 ng of DNA template. Amplification with the P. olsenispecific and P. honshuensis-specific primer sets was carried out separately for each DNA sample. For the P. olseni, the amplification conditions were as follows: denaturation at 95°C for 5 min followed by 35 cycles of 95°C for 30 s, 58°C for 30 s and 72°C for 30 s with a final elongation at 72°C for 5 min. The P. honshuensisspecific reaction was performed under the same conditions as for P. olseni except that the annealing step was 55°C instead of 58°C for 30 s. The amplified PCR products for P. olseni or/and P. honshuensis were identified after separation by electrophoresis of 4 μL of the reaction on a 1.2% agarose gel, followed by staining with ethidium bromide and visualization under UV light.
Specificity of each primer set was confirmed against Dungan and Reece, 2006) . Sensitivity of the PCR assays was also evaluated using the DNA mixture of the Manila clam (200 ng), P. olseni, and P. honshuensis DNAs. The amount of template DNA for P. olseni and P. honshuensis ranged 100 ng to 100 fg. As a control, DNA of clams collected from Imwon on the east coast used as the template of the host DNA for PCR test. RFTM assay indicated that clams from Imwon were uninfected by Perkinsus sp. Table 1 summarizes the RFTM and the PCR assay results. The gill RFTM assay revealed that 224 of the 230 clams from 23 sampling sites located on the west and south coasts were infected by Perkinsus sp., while Perkinsus sp. was not detected from clams collected from Pohang and Imwon on the east coast (Fig. 1) . The Perkinsus prevalence was found to be 100% at most of the sampling sites located on the west coast (Table 1) . The mean infection intensity ranged from 2.2 × 10 4 to 6.8 × 10 6 cells/g gill. On the west coast, the mean infection intensities of nine sites exceeded 1.0 West coast Naeri (GG) 10 33.5 ± 1.9 100 (10/10) 8.9 × 10 5 ± 1.1 × 10 , 3; Sunjae, 4; Bakmiri, 5; Padori, 6; Hwangdo, 7; Gonam, 8; Naeri (CN), 9; Boryung, 10; Gochang, 11; Muan, 12; Gangjin, 13; Wando, 14; Yeosu, 15; Tongyoung, 16; Geoje, 17; Masan, 18; Pohang, 19; Imwon, 20; Sungsan, 21;  Seogwipo, M; 100 bp marker.
Results and Discussion
RFTM assay
× 10 6 cells/g gill (Table 1) .
Perkinsus species-specific PCR assays In PCR assays, P. olseni-specific primers and P. honshuensis-specific primers yielded 490 bp and 340 bp amplicons, respectively. Each primer set was "speciesspecific", and no cross-amplification was observed between the 2 different Perkinsus species DNAs (Fig. 2) , as well as other Perkinsus species (data not shown). In the sensitivity tests, P. olseni specific-amplicons detected as little as 100 fg of the P. olseni DNA, while P. honshuensis-specific amplicons detected up to 10 pg of the P. honshuensis DNA (data not shown).
DNAs of the clams from 23 sampling sites successfully amplified with P. olseni-specific primers (Table 1) . In contrast, none of the 230 clam DNAs collected from the 23 sampling sites yielded a P. honshuensis-specific amplicon (Table 1) . No P. olseni-specific or P. honshuensis-specific amplicon resulted from PCR assays performed on the two populations of Manila clams from Pohang and Imwon on the east coast.
While co-infection with P. olseni and P. honshuensis Manila clams has been confirmed in Japan (Takahashi et al., 2009; Umeda et al., 2013) , no attempts have been made in Korea to identify the etiologic agent of perkinsosis in Manila clams using molecular markers. Accordingly, we first investigated possible co-infection of P. olseni and P. honshuensis in Korean Manila clam populations using the conventional RFTM and PCR assays. PCR assays indicated that all the analyzed clams were infected with P. olseni, while no clams analyzed were infected by P. honshuensis. Our data suggest that the main etiological agent of perkinsosis among Manila clams in Korean waters is P. olseni, although presence of P. honshuensis infection in Manila clams cannot be totally ruled out, since the sampling size and frequency is believed to be insufficient enough to support the conclusion.
